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Available online 19 October 2006The hygro-thermal model (Tenchev et al., 2001) used in Tenchev and Purnell (2005), was developed for the
speciﬁc case of rapid heating, i.e. concrete under ﬁre. The main interest was the prediction of pore pressure
buildup, which was, and still is, believed to be the major driving force in the explosive spalling of concrete.
In the region of high pore pressure, which is at the drying front, the rate of water evaporation is much higher
than the rate of water transport due to a pressure gradient. Thus, the latter has been considered of less impor-
tance and its modeling was simpliﬁed – capillary pressure PC is ignored in the expression PL = PG  PC and a
constant coeﬃcient for the relative water permeability, KL, is used in Darcy’s law.
In early related studies (Tenchev and Khalafallah, 2000) the capillary pressure, deﬁned via the Leverett
function (Scheidegger, 1974; Selih et al., 1994), was included in the deﬁnition of the water pressure. However,
subsequent sensitivity studies had shown that it had negligible eﬀect on the pore pressure and it was ignored in
the later model developments and applications. Recently, Davie et al. (2006) studied in details the inﬂuence of
ignoring capillary pressure in (Tenchev et al., 2001). They used Kelvin’s equation and concluded: ‘‘. . . the cap-
illary pressures have little or no eﬀect on the transport behavior in concrete under intense heating (largely
because they exist only in a region where there is almost no water content), which in turn supports the approx-
imation of PG = PL for the problem of concrete exposed to ﬁre, as adopted in the Tenchev model.’’
The comment of Gawin et al., that ‘‘. . . diﬀerences between the solutions are caused by lack in the model
under discussion of thermodynamic constraints between water and vapour pressures, i.e. the Kelvin equa-
tion.’’ is not strictly correct. The model under discussion makes use of the sorption curves developed by
Bazˇant and Thonguthai (1978, 1996). The Kelvin equation was the starting point in the development of these
curves, so it is indirectly involved in the formulation of the model.
These sorption curves permit the relative humidity h to be greater than 100%. This would be unacceptable if
thermal equilibrium between the water phases is assumed to occur instantaneously. However, if we consider it
as a transient process, then h > 100% can be interpreted as the ‘driving force’ for water condensation. Thus the
model can predict the ‘moisture clog’ that occurs in front of the drying front due to the vapour transfer into
the cooler interior and its subsequent condensation. The presence of this clog signiﬁcantly inﬂuences the0020-7683/$ - see front matter  2007 Published by Elsevier Ltd.
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imation PG = PL decreases, since PC tends to zero as the concrete becomes fully saturated.
Gawin et al. make the observation ‘‘. . . gas pressure and liquid pressure are greater than the saturation
vapour pressure, due to the assumption that PL = PG.’’ The Authors’ opinion is that the result PG > PSat fol-
lows from the use of the sorption curves, discussed above, which allow for PV > PSat. The case PG > PSat does
not imply an erroneous result on its own. Pressures PG > PSat were observed experimentally by Kalifa et al.
(2000). They attributed the overpressure to the partial air pressure, because thermodynamic equilibrium
between liquid water and water vapour was assumed to occur instantaneously.
Gawin et al. present results computed by their model. They provide three references – Gawin et al. (1999,
2002, 2003), which implies that these references describe the same model. However, in Gawin et al. (1999), the
model uses Bazˇant’s sorption curves and predicts only a negligible moisture clog. This shortcoming makes the
accuracy of the results questionable, especially the magnitude of the pore pressure. In the other two papers, it
seems that Bazˇant’s sorption curves are not used and more pronounced moisture clog is predicted. The models
seem to be diﬀerent and it is not clear which one they have used. Gawin et al. indicate that unavailable data
were obtained for a diﬀerent concrete. How reliable/comparable are their results because of this?
It is not clear what calculations Gawin et al. did to get the graphs in Fig. 1, but they do not appear to cor-
relate with our calculations. Their calculations show that the vapour pressure PV computed by Tenchev’s
model in the temperature range from 600 to 900 K is almost equal to zero. In the discussed paper, the vapour
pressure distribution was not presented, because a previously published model was used (Tenchev et al., 2001).
In this paper, the distribution along the depth of the concrete at several time steps was shown for the temper-
ature T in Fig. 2a and for the vapour content ~qV in Fig. 3b. It is easy to combine these graphs and use the ideal
gas law (Eq. 9b) to obtain PV vs T. This graph would deﬁnitely show that the vapour pressure is not zero but
in fact very close to the pore pressure, contrary to the calculations of Gawin et al.
Gawin et al. surmise that the computed pore pressure computed by our model is too high. They refer to
‘Tenchev and Purnell (2001)’, which is a printing mistake and it should read Tenchev et al. (2001). Gawin
et al. should be aware that there are very wide variations in both experimentally measured and numerically
predicted values of pore pressures in the published literature. The main reason is that the permeability of con-
crete may vary by several orders of magnitude (England and Khoylou, 1995; Bazˇant and Kaplan, 1996), being
critically dependent as it is on initial water/cement ratio, curing regime, age, carbonation state etc. The inﬂu-
ence of this variation on the numerically predicted maximum pore pressure and time and depth of spalling
were studied in Tenchev et al. (2001) and Tenchev and Purnell (2005), respectively. The range of variation
of the computed results agrees with the range of variation of the experimental data. A direct correlation
between the results of an experimental test and its numerical modeling will remain inconclusive, unless the
parameters involved (permeability, porosity, and their dependence on temperature, initial water content,
etc.) have been unequivocally determined. The Authors have yet to encounter such data study. Regarding
the issue of the magnitude of the pore pressure, one has only to make the briefest study of the recent literature
to encounter a comparable range of values for measured and predicted pore pressures.
Chung and Consolazio (2005) analysed concrete exposed to ﬁre with intrinsic gas permeability
Kg = 8.3 · 1016 m2, intrinsic water permeability KL = 0.038Kg, porosity n = 0.14 (for comparison Tenchev
and Purnell (2005) use Kg = 2 · 1016 m2, KL = 0.01Kg, n = 0.16). They report maximum experimental and
numerical pore pressure of about PG = 3 MPa, which is even higher than max PG = 2.3 MPa computed in
Tenchev and Purnell (2005). In previous studies, Consolazio et al. (1997) used Kg = 8.3 · 1017 m2 and
n = 0.175 and predicted maxPG = 3.1 MPa. Chung and Consolazio (2005) present also numerical results
for a reinforced low permeability column (Kg = 2.2 · 1017 m2, KL = 8.5 · 1019 m2, n = 0.13) under ﬁre
and report pore pressure away of the reinforcement between 5 and 6 MPa. This result is close to the value
of 6.5 MPa computed by Tenchev et al. (2001) where Kg = 5 · 1017 m2, KL = 0.01Kg, n = 0.08. If a porosity
of 0.13 had been used, the pore pressure would have been less then 4 MPa, then, according to the sensitivity
study in Fig. 6 in Tenchev et al. (2001). Kalifa et al. measured max PG = 3.7 MPa for high strength concrete
(no data for the permeability or porosity was given) and observed that: ‘‘The high values of pressure and pres-
sure gradient lead us to suspect that very high pressures would have been reached at larger depths and/or more
spalling would have occurred, if the side eﬀect (macrocracks) had not been dominant.’’ Ju and Zhang (1998)
compute even higher pore pressures of up to 16 MPa. Connolly (1995) noted that for normal strength concrete
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fact that measured pore pressures may be unreliable.
The depth of thermal spalling (Anderberg and Thelandersson, 1976; Purkiss, 1996; Copier, 1979) is about
5–10 mm for high performance concrete and 20–40 mm for ordinary concrete. These depths correspond
roughly to the location of the maximum pore pressure and this is one of the reasons why many researchers
believe that pore pressure is the dominant factor for thermal spalling. In Gawin et al. (2003), a paper cited
by them as a reference for their mathematical model, thermo-chemical and mechanical damage is modeled.
The analyses of a high performance concrete wall under ﬁre show that the maximum of the total damage
is always on the ﬁre exposed wall. Thus this model can be used at best only for the prediction of surface cracks
and not for prediction of spalling, which occurs always at some depth from the ﬁre exposed surface. The obvi-
ous conclusion is that either the conversion of pore pressure to damage is inaccurate or the predicted pore
pressure is grossly underestimated. Thus, the higher pore pressures computed in Tenchev et al. (2001) and Ten-
chev and Purnell (2005) would seem to be much more reasonable than the pressures computed by the model of
Gawin et al.
Water dilatation, usually neglected, may be of importance, but only at full or near full saturation. The
Authors’ model is not applicable at full saturation (all variables related to the gaseous state vanish and coef-
ﬁcients in the ﬁnite element equations are reduced to 0/0). The highest saturation is predicted in the region of
the moisture clog, where pore pressure is about 2/3 of its maximum value as computed at the evaporation
front. Whether it will be exceeded when the thermal expansion of the liquid water as well as that of the
dry skeleton are taken into account would be worthwhile investigating in the future.
In conclusion, the Authors agree that their model has some thermodynamically inconsistent assumptions.
However, they have been used only after checking that they have insigniﬁcant inﬂuence on the computed pore
pressure. The Authors do not agree with the observations of Gawin et al. because they appear to be based on
misunderstanding and misrepresentation of the Authors’ results. The Authors do not agree with the conclu-
sions that the computed pore pressure is too high and the predicted spalling is unreliable because there is suf-
ﬁcient published evidence for the contrary. The Authors agree that an attempt to further enhance the model
can be made by considering the temperature dependence of some material parameters but do not agree that
the simpliﬁcations used at present render the results unreliable.References
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